The rapid advances in experimental heavy-ion physics have sparked off a remarkable inventiveness among theoreticians in developing new reaction theories and interpretations of the data. These range from simple qualitative semiclassical insights to formal semiquantal theories, and to a bewildering variety of approximations to make the exact quantum mechanical theories amenable to calculations. In two years the field has evolved from the viewpoint that heavy-ion reactions were beautifully simple, to one implying that the proper interpretation is of staggering complexity.
This conference may show us that the simplicities are still there after all. We should not be too elated at the successes of the simp~e theories, nor despair at the failures of the complicated theories. The lesson to be learned from the last few years and from this conference was learned long ago on the English Public School playing fields: "It matters not who won or lost, but how they played the game." This talk is about some of the games that have been played in interpreting high energy heavyion transfer data from quantum mechanical and semiclassical approaches. Some general aspects of these approaches and the effect on differential cross sections are discussed in the next section. In section 3, both methods are applied to single nucleon transfer data on 208 Pb, which serves as a standard of calibration and of comparison for different theories. This is followed in section 4 by a discussion of transfers on lighter nuclei, where the semiclassical approach is on less sure ground, but where we show that it can give physical insight, and suggest interesting experiments. In section 5 we discuss multistep processes at high energy, for which so far only the -2-quantum mechanical calculations have been done; the results are sufficently exciting to make us hope that the development of a semiclassical theory will be forthcoming in order to make surveys of the type discussed in sections 3 and 4. Our conclusions are presented in section 6.
General Semiclassical and Ouantum Mechanical Aspects of High Energy Data
A characteristic feature of high energy heavy-ion reactions is that the wave length of relative motion (~) is very short compared to the nuclear radii. Typically The orbit concept also requires that the uncertainty in the angle of scattering ~8, should be small compared to G. Now we can write G ~ !:£ , where p p is the incident momentum and the change is ~p. SoG ~ J F~t , where F, the force acting on the particle over the region "a", is V/a, and dt ~ ajv, so G ~ V/E. When the particle passes through the region "a" the uncertainty in the transverse momentum is op ~ h;a, and so ~G ~ h/ap; and finally G/~8 ~ Va which we reouire to be much hv ~ greater than unity. This condition is better satisfied the lower the energy.
On the other hand the condition X ~ R 1 + R 2 is fulfilled better at high incident energy.
It is important therefore to have a more general criterion for the degree of "classicality" of a reaction. -3- We write the scattering amplitude,
and the reaction amplitude, assuming the peripheral nature of the reaction, as a Gaussian distribution 3 (justified by the output of "exact" DWBA calculations e.g.
P 1 (cos 0) is replaced by the asymptotic expression valid for large!, and sin 0 > 1/!,
For '\we make the Taylor expansion:
On account of the WKB classical relationship 4 for the scattering angle 0R. corresponding to partial (5) we can write For the sake of historical accuracy it is worth noting that the interference term was present in the early treatments of high energy heavy-ion transfer Here we discuss only the term
I since so far no hiah energy data has revealed the interference oscillations. They remain a challenge to exnerimental ingenuity. This eouation describes a symmetric distribution of width 8 :
Thus for small fi.Q, the distribution is broad due to quantal dispersion, and if fi.Q, is very large the distribution is also broad due to "dynamic" dispersion. The minimum value of (ll0) is obtained for L;R, fOOR,o = ~ cosec Go) , (10) where n ·is the sommerfeld parameter. Using the classical result R-=n cot(~) (ll) (li 0 )MIN sin Go) • (12) A consideration of the data from both viewpoints is likely to be instructive. Further It is interesting that this formula predicts that the grazing angle, taken as an average over the initial and final orbits, should move to large angles with increasing excitation energy (as E in the final channel decreases). This effect is observed in fig. 2 (a) for neutron transfer, and is predicted by DWBA for the proton transfer in fig. 2 (b), although in this case the position of the experimental peak is in fact constant. This disagreement, which is greatest for the case of lowest angular momentum 12 transfer has been discussed by von Oertzen • If we write the initial and final angular momenta (14) then the requirement that R,i ~ R,f, together with the fact that Tlf < n 1 in proton -sstripping, implies ef < e. , and that the absorption and hence the position of the J. classical maximum are determined primarily by the initial orbit. This effect has been 13 14 reproduced by (somewhat artificial) adjustment of optical parameters ' Probably there are subtleties of the heavy-ion potential as yet unaccounted for. The formalisms of DWBA and SC theory will now be described to show their relationship. Their quantitative agreement is compared by applying these theories to various features of the data, such as spectroscopic factors, energy dependence and Q-dependence. .! r and r. ""'r. Then
and we obtain two three-dimensional integrals. 
The effect of this approximation can be 
The classical picture shows the main contribution to the reaction came from distances of order sum of the nuclear radii, so therefore r' ""Ra' the projectile radius. The recoil term introduces additional angular momentum transfers of order ~· ~ which is the angular momentum carried by the transferred particle due to the projectile motion at the surface. It also allows unnatural party terms through, for example, the first term in the expansion 
The last rule is relaxed when the additional transfers are permitted in the full recoil treatment. For example in a transition from p 1/2 + f 7/2, t::.l = 3,4 and from p 1/2 + f 5/2,/::,1 = 2,3. In the no recoil approximation only 4 and 2 are permitted which has the effect of enhancing the f 7/2 state at the lower energy (see fig. 6 ) since high angular momentum transfers are favored. 
Semiclassical Theory for High Energy Reactions
Under the conditions outlined in section 2, it was shown that for many reactions, there is a well-localized trajectory. Then the transition amplitude can be evaluated by integration of the quantum mechanical matrix element along the orbit. 23 • 24 Using the same notation as for the DWBA, the nucleon x starts out at t = -~ in a bound state of the potential v 1 provided by the moving core b. We must calculate the probability that the nucleon transfers to a bound state of the potential v 2 of the core A at t = ~. (27) where the wave functions refer to bound states of the particle in moving potentials.
In the transformation to a stationary frame:
Here Q is the reaction Q value modified by the change in Coulomb energy (z 1 z 2
i i 2 z 1 z 2 )e /R in charge transfer; ~(t) is the relative separation of the cores, and r' is the coordinate of x relative to core b.
Obviously F(t) in eq. (29) is closely related to F(r) in eq. (21) 
which relates the phase factor of the distorted waves to that of the semiclassical expression. The two evaluations of the transition probability essentially contain the same physics as required by the correspondence principle. We shall now see how well they compare in describing the experimental data.
Comparison of SC and DWBA for High Energy Single Nucleon Transfer on Pb
In principle the DWBA and semiclassical integrals can be evaluated exactly, 20 fig. 9 which gives a good overall representation of the data, including the equality of the f 7/2, f 5/2 cross sections at 200 MeV.
.; 209 Bi reaction (a) using DWBA theory and (b) semiclassical theory. In (a) the form factor (F(r) in eq. 19) was calculated with the binding energy-of the state fixed at the value for the actual single particle level, whereas in (b) the binding energy was allowed to change with Q-value. This is an important point as it forces us to look for other signatures of states rather than the customary differential cross sections 37 To see this, it is useful to discuss a classical wave optics analogy The projectile wave scatters from a circular slit of radius R (due to localization).
As it scatters it transfers angular momentum, by virtue of the momentum transfer q = ~-~· (see fig. 11 ). In a classical model this can only change the angular momentum vector in the Z-direction, setting up L complete de Broglie wavelengths around the ring locus. The interference of waves from two characteristic spectral _points A,B, will depend not only on the path difference 2d, but also on the intrinsic phase difference. For constructive interference we require: • , but for odd L transfer of (40) So odd L transfers will be out of phase with even transfers. I4N,I3N) 13C g.s.
(I P1f2) 20 30 Bc.m. transition at the bottom. The simplicity of the distributions has its compensations however. The forward rising of the cross-section suggests that the transfers occur during a grazing collision of the cores. Because of the high incident energy we may also suppose · that the motion of the incident projectile is not much perturbed by the collision, so that the orbit is a straight line, with an impact parameter equal to the sum of the radii. We can then use the simple theory outlined in eq. 34-37, and compare differential cross sections at forward angles, as shown by the following considerations.
If P is the transfer transition probability, then as in the theory of Coulomb excitation we write, for cases where n>> 1, Also we have,
where L is the angular momentum of relative motion. The last equation is valid if the grazing angular momentum, kR >> 1 and if ~L, the contributing angular momentum range is >> 1. This equation does not require n >> Lc where P(Lc) has a maximum. Thus we expect, as in eq. 42 , that do d!'"l ex: P(L ) c (44) will hold approximately at forward angles, even though n is not large compared to unity.
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a> Strength vs Excrt.otJon<MeV> Theory.
b) Strength vs Channel
Theory.
c) Strength vs Channel
Expedment. 20 25 '~<''&,'"&a>'~ 16 o reaction at 114 MeV; which selectively excites particle-holestrength. (a) shows the calculated ·stength using shell-model spectroscopic amplitudes and the simplified semiclassical theory of eq. 34. In (b) the theoretical predictions are folded with the experimental resolution to produce a theoretical spectrum.
33-41
An application of eq. 44 MeV etc. In addition 10 Be can be formed in its low lying particle stable states, but particularly the 3.37 MeV 2+ state. The theoretical spectrum was calculated as it would appear in an experimental spectrum, each peak having a Gaussian shape of area proportional to the theoretical strength and a width equal to the average experimental value. Over 50 states were included in the calculation which automatically generated the theoretical spectra. A satisfactory representation of the data is obtained.
If this method can be used for spectroscopy even within a precision of a factor of 2 or 3, it furnishes us with a powerful technique for making wide surveys in a way impossible to imagine with more elaborate theories.
More exciting of course, is the extension of this programme to two, three and 41 44 . four nucleon transfers. The Oxford group have shown ' how these h~gh energy heavyion reactions can selectively populate simple "single particle" states of 3 He or 4 He, due to the apparent preference for transfer of spatially localized clusters.
45
An example is shown in fig. 15 where it is suggested that the strongly excited states Table 4 gives a comparison between experiment and theory, using the methods described above, with su 3 cluster spectroscopic amplitudes. 41 (see also the previous lecture by B. Buck). The advantages of the semiclassical theory is its ability to make wide surveys rapidly, without any unknown parameters to vary.
Many of the interesting states discovered, and awaiting discovery, in heavy·ion reactions are such high-spin states, often of small binding energy or even unbound.
In the limit of small final binding energy, defined by state on the other hand, is dominantly a particle-hole quadrupole vibration which is forbidden in the direct pick-up. This state can be populated via the indirect routes, involving inelastic scattering shown in fig. 18 . The CCBA and DWBA calculations 49 are compared for the (p,t) data in fig. 19 , in which the CCBA calcula-+ tion gives better agreement in magnitude for the 2 1 state (the forward angle phase is also better reproduced). Apart from a change in the magnitude, the effect of multistep processes is not very dramatic in this case. The same reaction induced by heavyions50 is illustrated in fig. 20 . Here the o~,o;, and 2; all have the well-known, bell-shaped distribution, which is the characteristic of direct reactions with heavy-+ ions. The 2 1 state has no such "semi-classical" maximum, but is flat and rises at 51 forward angles. Tamura and Low have suggested how this forward rise, due to indirect -24-processes, can be understood on a semiclassical trajectory picture. In fig. 21 , we see that a nucleus deviated from its spherial shape (by for example inelastic scattering) for a given impact parameter makes a closer collision and thereby is deflected to more forward angles by the nuclear force. These results have been reproduced by CCBA calculations 50 • This example is a good "control" case for demonstrating indirect effects, because the direct 2; distribution must be reproduced simultaneously.
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